ABSTRACT
INTRODUCTION
PCR has been a powerful tool for the analysis of microbial community structure in various ecological systems (2,6,9). Community structural analyses using molecular techniques such as PCR followed by genomic library construction have been especially helpful in better understanding microbial communities. This is particularly true in soils where it has been estimated that approximately 99% of the microbes present, many of them being fungi (9), cannot be cultured using traditional techniques (1) . Soils can contain as many as 1.5 ×10 10 bacteria per gram, (6), and these are distributed among upwards of 4000 different species (10).
The fungi are important because of their mutualistic mycorrhizal relationships and their contribution to carbon and nitrogen cycling. The analysis of soil communities may therefore be important to better understand the possible consequences of ecological disturbances such as cultivation and nitrogen accretion that are occurring globally (11). To approach these analytical problems, molecular techniques (including the use of PCR and cloning) are increasing in interest. Unfortunately, there are problems associated with the use of such molecular techniques for the analysis of microbial community structure, primarily PCR artifacts.
PCR is often subject to errors such as the formation of heteroduplexes that are generated during the amplification of a particular gene from a mixed community of DNA. Heteroduplexes may arise during PCR cycling when heterologous hybrids are formed from different gene templates (12) and can generate additional PCR products. Attempts to clone heteroduplexes in bacteria capable of mismatch repair can lead to an overestimation of the number of sequences amplified from the original mixed template DNA by producing many sequences that are mosaics of two of the original templates (3). Because of the single-stranded loops that occur within heteroduplexes, these may migrate slower than the desired PCR product and appear after cloning as additional product bands on an agarose gel.
Based on work in this laboratory, such heteroduplexes may be resolved before genomic library construction by including a digestion step with T7 endonuclease I. Such resolution using this type of endonuclease has been explored in the past (4). However, recent studies that involve the amplification of genes from mixed template DNAs do not acknowledge the possibility of heteroduplex formation or the need for resolving PCR artifacts (2,9). The normal function of T7 endonuclease I is to resolve the four-way (Holliday) junctions, which are central intermediates in recombination into duplex DNA (7). In this study, the 18S rDNA gene of fungi was amplified from soil community DNA. The amplified product was , and digested with T7 endonuclease I to resolve any heteroduplexes that might be present in the PCR product before cloning. The samples were compared with replicates that did not receive the T7 endonuclease I treatment. This method requires only a short digestion step with the added T7 endonuclease I, followed by gel extraction and final purification of the desired PCR product. Regular cloning steps for library construction are then completed.
MATERIALS AND METHODS

Amplification of the 18S Gene from Soil Community DNA
PCR-amplified products were produced by amplifying the fungal 18S rDNA gene from the DNA of soil communities using primers NS1 (5 ′ -GTAG -TCATATGCTTGTCTC-3 ′ ) and NS8 (5 ′ -TCCGCAGGTTCACCTACGGA-3 ′ ) , which are specific for the amplification of approximately 1839 bp of the fungal 18S region (13). Each 50 µ L reaction contained 25 µ L 2 ×GC buffer (PanVera, Madison, WI, USA), 2.5 mM each dNTP, 50 pmol each primer, 100 ng template DNA and 2.5 U LA Taq DNA polymerase (PanVera). Cycle parameters were 4 min at 94°C, load Taq DNA polymerase at 80°C, 30 cycles of 1 min at 94°C, 30 s at 55°C, 1.5 s at 72°C and a final elongation of 8 min at 72°C. Each reaction mixture was viewed on a 1.2% agarose gel, and the PCR product was gel-extracted and purified with the QIAex ® II gel extraction kit (Qiagen, Valencia, CA, USA). The purified PCR product was then quantified by UV spectrophotometry. This PCR product was not digested with T7 endonuclease I before genomic library construction.
Additional PCR was carried out as described; however, before gel extrac -tion, the PCR product was passed through a QIAquick ™PCR purification column (Qiagen) to remove remaining primers and dNTPs. The purified product was eluted from the column with 40 µ L 10 mM Tris-HCl buffer, pH 8.5, and quantified by UV spectrophotometry. The product from this second round of PCR was used in the digestion process with T7 endonuclease I.
Optimization of T7 Endonuclease I Concentration for Heteroduplex Digestion
The column-purified PCR product was separated into three 1 µ g aliquots. The enzyme concentration used for heteroduplex cleavage was optimized by adding 10, 20 and 30 U T7 endonuclease I, respectively, to each of the 1 µ g aliquots of PCR product. Controls were set up using 1 µ g aliquots of control plasmid DNA (New England Biolabs, Beverly, MA, USA) to the same concentrations of T7 endonuclease I as described; all reaction mixtures were incubated at 37°C for 30 min. Following incubation, each reaction mixture was viewed on a 1.2% agarose gel. The bands from the PCR product were gel-extracted and purified with the QIAex ® II gel extraction kit (Qiagen). 
18S Genomic Library Construction and Screening of Recombinants
Endonuclease digested and undigested PCR products were ligated separately into a pBluescript ® vector (Stratagene, La Jolla, CA, USA) for blue-white screening. Each 40 µ L ligation reaction contained 50 ng vector, 100 ng PCR product, 2 U T4 ligase and 8 µ L 5 ×ligase buffer [50 mM TrisHCl, pH 7.6, 10 mM MgCl
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AACTTAAAGGAATTGACGGAAG-3 ′ ) and NS6 (5 ′ -GCATCACAGACCT -GTTATTGCCTC-3 ′ ) (13), 2 mM dNTPs and 1 U TaqDNA polymerase. DNA template was added to each reaction mixture by transferring bacterial cells from white colonies to the PCR mixtures using sterile wooden toothpicks (5). The cycle parameters were 5 min at 98°C, add Taq DNA polymerase at 80°C, 30 cycles of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C and a final elongation of 7 min at 72°C. The desired product was 310 bp long.
RESULTS AND DISCUSSION
Optimal T7 Endonuclease Concentration for Heteroduplex Digestion
In this test system using fungal DNA, the optimal T7 endonuclease I concentration for heteroduplex resolution was 10 U/ µ g of DNA for both the control plasmid and the PCR product ( Figure 1 ). Lane 2 in Figure 1 represents the supercoiled configuration of the control plasmid, which mimics the four-way (Holliday) junction resolved by the normal function of T7 endonuclease I. Lanes 3-5 in Figure 1 contain control DNA digested with 10, 20 and 30 U T7 endonuclease I, respectively. The lower band shown in lane 2 of Figure 1 was resolved with as little as 10 U of enzyme. Lanes 6-8 in Figure 1 contain PCR product digested as described for the control plasmid. Enzyme concentrations higher than 10 U/ µ g of DNA appeared to degrade the initial PCR product during the digestion step (Figure 1, lanes 7 and 8) . A concentration of 10 U/ µ g of PCR product gave satisfactory results for the digestion of the PCR product before cloning ( Figure  1 , lane 6), while yielding a high percentage of clones of the desired size.
Production of Clones with and without Enzyme Digestion
Lanes 2-4 in Figure 2 show an example of the clones produced following digestion with 10 U of T7 endonuclease I. Without T7 endonuclease I treatment, an extra band is evident, which suggests the formation of heteroduplexes ( Figure  2, lanes 5-7) . As noted earlier, singlestranded loops that occur within heteroduplexes may migrate slower than the desired PCR product. These appear after cloning as additional product bands on an agarose gel. Of the 270 fungal clones generated in this laboratory without T7 endonuclease I digestion, approximately 10% appeared to contain heteroduplexes (data not shown).
Consequences of Heteroduplex Formation
Heteroduplex artifact generation in a two-template system doubles the complexity of the products. However, with five or more templates present, the complexity of the products may become extreme (3). As observed here for fungal clones, such heteroduplex formation may seriously compromise the results of molecular-based microbial diversity studies by yielding hybrid PCR products. These products, when cloned and subjected to further analyses such as RFLP or SSCP, may appear as an increase in apparent diversity. Based on the results presented here, T7 endonuclease I makes it possible to resolve heteroduplexes derived from fungal DNA, leaving only the desired PCR product to be cloned and further analyzed. This step appears to be extremely critical because genomic library analysis of environmental samples generally involves the screening of numerous recombinants generated from a large community of mixed template DNAs. As shown in this and previous studies (3,14), these conditions may lead to frequent occurrencesu of heteroduplexes. The use of T7 endonuclease I should make it possible to improve the analysis of fungal and bacterial DNA from soils and other environmental samples by ensuring that the sequences analyzed from the initial PCR step are not artifactual. Clones generated from fungal 18S rDNA PCR product treated with T7 endonuclease I compared to clones generated from untreated fungal 18S rDNA PCR product. PCR products were generated and visualized as described in Figure 1 . Lane 1 contains a 1 kb standard ladder (Promega). Lanes 2-4 contain a 310 bp product amplified from recombinants containing the cloned T7 endonuclease I treated 1839 bp fungal 18S insert. Lanes 5-7 contain a 310 bp product amplified from recombinants containing the cloned, untreated fungal 1839 bp 18S inserts. The upper bands in lanes 5-7 indicate that heteroduplexes are present in the untreated product.
